We chemically immobilized live, motile Escherichia coli on micrometer-scale, photocatalytically patterned silicon surfaces via amine-and carboxylic acid-based chemistries. Immobilization facilitated (i) controlled positioning; (ii) high resolution cell wall imaging via atomic force microscopy (AFM); and (iii) chemical analysis with time-of-flightsecondary ion mass spectrometry (ToF-SIMS). Spinning motion of tethered bacteria, captured with fast-acquisition video, proved microbe viability. We expect our protocols to open new experimental doors for basic and applied studies of microorganisms, from host-pathogen relationships, to microbial forensics and drug discovery, to biosensors and biofuel cell optimization. 
Introduction
Biomolecular placement with controlled spatial resolution is of significant interest to expanding research programs in (i) host-pathogen biology, (ii) biosensors, (iii) and biofuel cells. (i) Pathogen study requires appropriate placement and containment protocols. While micro-injection (1) is a well-controlled technique used by some investigators to deliver pathogens into hosts, more common techniques, such as incubating (2) , are not well controlled and pathogen release-whether triggered by accident or intention-can have deleterious health effects. (ii) Biosensors require extremely localized chemical surface modifications to enable associated biological reagent activity, electrical transduction, and readout (3) (4) (5) (6) . Biosensor power is typically defined by the density of information on a chip: the tighter and more localized the patterning, the more powerful the chip. (iii) Microbial fuel cells (7) (8) (9) (10) require electron transduction from the organism to an electrode, defining a minute distance for charge to travel. Optimal signal transduction may be accomplished by engineering electron transport paths between microbe and electrode. Our procedures dictate placement and improve containment of microorganisms under investigation, thereby facilitating characterization by complementary analysis techniques.
Other groups have labeled bacteria or dictated bacterial placement. Solutionbased fluorescence (11, 12) and quantumdot (13, 14) labeling are two such methods that enable simple bacterial visualization. Technetium labeling (15) for medical purposes and covalent labeling of fusion proteins (16) have also been reported, and Da Silva et al. biotinylated bacteria for subsequent avidin-based interactions (17) . Large-scale, low-resolution bacterial patterning-historically using replica plating (18, 19) and more recently with pin arraying (20, 21) -enables microbial genetic and biofilm formation studies. Immobilizing microbes on polymeric hydrogels (22, 23) can limit motility and maintain viability. Weibel et al. described the use of micropatterned agarose stamps to print patterns of bacteria on agar plates to study pattern growth and bacterial strain interactions (24) . In these experiments, features as small as 200 μm were printed over areas as large as 50 cm 2 . More recently, Keymer et al. constructed habitat microfluidics (linear arrays of coupled, micro-scale patches) to study adaptive dynamics of the bacterial metapopulations (25) . Our method of high-resolution microbial patterning incorporates labeling and tethering steps, such that microbe viability is maintained, thereby facilitating analysis.
Our sample preparation protocols pattern and tether live bacteria. Once tethered, the bacteria are available for examination via a number of techniques, or can serve as instrumentation themselves. We first tested our methods by examining bacteria optically with reflectance and fluorescence microscopy, and with atomic force microscopy (AFM); these techniques facilitate in situ examination. We also tested our methods under high-vacuum conditions, with time-of-flight secondary ion mass spectometry (ToF-SIMS). We demonstrate the use of multiple examination techniques on a single sample, in order to gain corroborating information and validate the multiplexing capabilities of our protocols.
We chose Escherichia coli, a Gramnegative bacterium that resides in the gut, as a model microorganism for investigation. E. coli has flagella, each composed of a rotary motor and filament. These flagella enable a cell to swim and confound the ability to study highresolution aspects of the live microorganism in a native environment. Two similar protocols were used to reduce their movement, exploiting amine or acid chemistry on the bacteria and enabling subsequent investigation.
Materials and methods

Chemical attachment protocols
We developed two methods of chemical attachment to E. coli: the first covalently modifies outer membrane amine groups and allows for chemical and bacterial pattern overlay checking with a fluorescent intermediate, while the second modifies outer membrane carboxyl groups and directly, covalently immobilizes bacteria to silicon. E. coli Protocol 1. Amine-based attachment on patterned, non-adhesive silicon substrates, allowing intermediate fluorescent pattern visualization We generated 10 μm × 10 μm squarepatterned regions by photocatalytically oxidizing an unsaturated silane attached to silicon by shining a red LED light (Lumex, Glenview, IL, USA) through a porphyrin-coated mask in contact with the substrate (26) . Briefly, 10 μm × 10 μm square regions of allyltrichlorosilanecoated (ATC; United Chemicals, Bristol, PA, USA) silicon substrates were oxidized away by illuminating the red LED through a porphyrin-coated mask in contact with the substrate for a few seconds, leaving a chemically patterned ATC/SiO 2 checkerboard. A non-fouling interpenetrating network (IPN) chemistry of P(AAm-co-EG) (27) was then covalently grafted to matrix regions retaining the ATC (27) . Square, bare silicon regions were then modified with aminopropyl silane (APS; United Chemicals, Bristol, PA, USA) (26) .
Protein adsorbs preferentially to APS-like surfaces (28, 29) . We incubated patterned surfaces in 25 μg/mL fluorescein isothiocyanate-neutravidin (FITC-neutravidin; Molecular Probes, Eugene, OR, USA) in phosphate-buffered saline (PBS, 1×, pH 7.2; Sigma Aldrich, St. Louis, MO, USA) solution for 30 min in order to optically image our chemical pattern (26) (Figure 1 ). We then grafted N-hydroxysulfosuccinimide-long-chain-biotin (sulfo-NHS-LC-biotin, 1 mg/mL in PBS, pH 8.0; Pierce, Rockford, IL, USA) to the avidin-coated 10-μm squares by incubating surfaces for 30 min.
E. coli were cultured overnight in Luria-Bertani (LB) media and grown in the presence of acridine orange (AO; Molecular Probes), a nucleic acid-selective metachromatic stain useful for cell-cycle determination. Phase contrast microscopy demonstrated the health of the culture by confirming the presence of whole cells (i.e., no debris or ghosts). Two 1-mL aliquots of culture were transferred into separate microcentrifuge tubes. The cells were spun for 2 min in an ultracentrifuge at 8,000× g. Cells were resuspended in 1 mL of ice-cold PBS. Cell spin-down, supernatant transfer, resuspension in cold PBS, and spin-down steps were repeated. Finally, cells were resuspended in 1 mL of room-temperature PBS and incubated on the biotin-modified, rinsed surfaces for 30 min to link the amine groups on the cell wall of E. coli to the tethers on the silicon surface (Figures 1, 2, and 3A) . Tethered cells were then available for further analysis.
Protocol 2. Direct carboxylic acidbased attachment to silicon substrates Photocatalytically patterned substrates were generated by homogeneously modifying silicon with amino silane and then locally oxidizing away 10 μm × 10 μm square regions of the silane. This resulted in squares of SiO 2 surrounded by an APS matrix. Thus, in this scenario, we tethered the bacteria to the matrix, leaving bare central regions on the substrate ( Figure  3B ).
After cells were cultured and transferred from media to PBS, as described previously in Protocol 1, we activated Research Reports functional groups directly on the bacterial membrane and then adhered them to the amine-functionalized substrates. Cells were re-suspended in 2 tubes containing 500 μL of 0.1 M 2-(N-Morpholino) ethanesulfonic acid (MES buffer, pH 5.5; Pierce). The contents of the 2 tubes were combined, and 2.4 mg 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC, Pierce) and 6.4 mg N-hydroxysulfosuccinimide (sulfo-NHS, Pierce) were added to the tube and gently mixed on and off for 15 min. Cells were spun down a last time at 8,000× g, and supernatant was removed. Cells were resuspended in 1 mL of PBS and incubated with the amine-terminated substrate for 30 min. After 30 min, the substrate was vigorously rinsed with sterile ultrapure water (UPW, 18M Ωcm) before placing in media. Tethered cells then were available for analysis via optical microscopy, AFM, and ToF-SIMS.
Optical microscopy
We detected surface-adsorbed FITClabeled neutravidin and E. coli bound to FITC-neutravidin (via Protocol 1) in an aqueous environment using a Zeiss AxioVert 200M materials microscope equipped with darkfield, epifluorescence, a FITC filter set, and a Zeiss Axiocam HRM high resolution digital camera (Thornwood, NY, USA). Images were captured using the Zeiss Axiovision software.
We acquired reflectance images of E. coli on silicon with a Nikon D100 camera (Melville, NY, USA) mounted on a Nikon Labophot 2 microscope after the substrates had been rinsed in water and gently dried with nitrogen.
Atomic force microscopy
Imaging of E. coli tethered via Protocol 2 was performed on a Digital Instruments NanoScope IV atomic force microscope (Veeco Metrology, Inc., Santa Barbara, CA, USA) equipped with a tappingmode fluid cell. Tapping mode minimizes tip-induced effects on the outer membrane structure. Images were collected in phase mode and first-order flattened. The scan rate was approximately 2 Hz for the highresolution imaging of the structures. E. coli imaging was performed dry using Silicon Super Sharp Tips (SSS-NCHR-50, SiN, spring constant 10-130 N/m, tip radius 2 nm; Nanosensors, Neuchâtel, Switzerland). Images were composed of 512 × 512 lines, which represented 4 μm per side. Bacillus atropheus imaging was performed in water using a phosphorus-doped Si Tip (Model no. DMASP, spring constant 1-5 N/m, Veeco Metrology, Inc.).
Time-of-flight secondary ion mass spectometry (ToF-SIMS) ToF-SIMS measurements on bacteria tethered via both protocols were conducted on a PHI-TRIFT III instrument equipped with a gallium liquid metal ion gun (Ga + LMIG) (Physical Electronics, Chanhassen, MN, USA). The ion gun was operated at 25 kV (unbunched mode) for high image resolution. Analyses were done utilizing Ga + ions at room temperature. ToF-SIMS measurements were conducted over a 300 μm × 300 μm area for 10 min. The positive mass spectra were calibrated using common hydrocarbon fragment peaks at CH 3 + , C 2 H 3 + , and C 4 H 7 + , while the negative mass spectra were calibrated using CH -, OH -, and C 2 H -. Spectra for background controls were acquired by analyzing clean silicon areas on the wafers. To highlight distribution of specific ions, images were superimposed on top of the total ion image or silicon background image in order to indicate localization of species.
Results
Exploiting amines and acids on E. coli To dictate bacterial spatial placement, we photocatalytically patterned amino-silane chemistry on silicon. Amino-functionalized silicon was then exposed to E. coli activated to conjugate to substrates via carboxylic acids or amines on the E. coli wall and/or flagella. While the acid-based tethering technique is purely covalent, the amine-based protocol incorporated a standard NHS-biotin crosslink so that we could visually track pattern formation and ensuing bacterial position sequentially using fluorescence. Figure 2A indicates fluorescent FITCneutravidin protein adsorption on 10 μm × 10 μm regions of amino-functionalized silicon, surrounded by a non-adhesive polymer-grafted matrix. The islands, which were imaged dry, indicate a degree of peripherally enhanced fluorescent signal. We attribute this edge effect to surface tension: upon drying, residual solution coalesced and concentrated around the edges of the 10-μm boxes. Figure 2B reveals bacteria tethered onto the protein-coated islands, coupled by the amine-based tethering protocol. The same optics that were used to Figure 3 . Figure 3A was acquired on the same sample shown in Figures 2 (a  non-adhesive matrix and APS squares) . Figure 3B shows the approximate inverse surface: a photocatalytically patterned surface consisting of an amino-functionalized matrix and SiO 2 squares. E. coli only tethered to substrate regions modified with amino-silane, thus patterning on the squares or matrix regions, respectively. Figure 3B employed the carboxylic acid-based, purely covalent bacterial tethering technique. This method has also been used to investigate B. atropheus (see "AFM studies reveal high-resolution structure of cell membrane"). This chemical tethering technique is fast and robust, but it is more difficult to track the surface modification because there is no incorporated fluorescence.
In order to test the importance of the IPN, we did not graft the non-fouling background on substrates generated via Protocol 2. Our initial results indicate that bacterial incubation time is a key parameter in limiting non-specific binding, as bacterial incubation times of ~2 h in the absence of the IPN indicate decreased pattern resolution.
Tethered microbes are viable AO staining resulted in green fluorescence, indicating that the dye had intercalated with DNA, and also indicating a more quiescent bacterial state. AO intercalating with RNA fluoresces red, which is indicative of an active, growth state. Although E. coli fluoresced green, fast image acquisition performed over a period of 1 min-1 h revealed spinning (reciprocating motion of some tethered bacteria), which confirmed viability. Although 1 h is sufficient time for binary fission to take place, we did not observe any evidence of such behavior and, therefore, do not know if manipulating the cell membrane affects such activity. We hypothesize, however, that the PBS environment precludes replication more than tethering does. Additional studies are necessary to decouple the factors.
AFM studies reveal high-resolution structure of cell membrane Figure 4A shows an image of a single tethered E. coli bacterium and an inset of the outer membrane (image widths of 4 μm and 500 nm, respectively). The image was cropped in height to focus on one specific cell. The inset represents 500 nm width acquired as 512 lines. The images convey the flagella that enable motility and a series of interconnected ridges, elevated domains, and a complex matrix. The inset figure suggests an S layer with hexagonal symmetry. Similar, in-depth investigations into cell walls have aided the understanding of pathogen architecture and its application to microbial forensics and medicine (23, 30) . Figure 4B . However, we 
ToF-SIMS for forensic applications
ToF-SIMS performed on a homogeneous population of cells is useful for identifying bacterial location and chemical correlation in order to develop protocols for future work targeting the identification of a random sample of bacteria. We subjected patterned bacterial samples to high-vacuum conditions and characterized them with ToF-SIMS. Although we expect ToF-SIMS (and MALDI) to be useful in future drug discovery platforms, ToF-SIMS is already used in microbial forensics: for example, to distinguish Bacillus species (31) .
Highlights of the positive-and negative-mode imaging ToF-SIMS experiments are shown in Figure 5 . The positive ion imaging (top) reveals the same matrixbound E. coli pattern imaged optically in Figure 3B attached via Protocol 2. In both the total and Si + ion [mass-tocharge ratio (m/z) of 28] images, the E. coli regions are darker than the silicon substrate, indicating less ion release than on the substrate. However, the superimposition of m/z 147-thought to be associated with protonated lysine [a peptidoglycan constituent (32, 33) ]-on the silicon image reveals specific association of the peak with the bacteria. Similarly, superimposition of m/z 355, thought to be a fragment of cardiolipin (31) , also reveals association with the bacteria. The acylium ion of esterified tetratridecanoic acid, previously characterized with m/z of 205 (31) , also associated with the bacterial regions (data not shown).
The lower portion of Figure 
Discussion
Bacteria sense chemicals, and rely on their hardwired chemical sensors (chemoreceptors) to determine what materials they need and should swim toward, and what materials are toxic and from which they should swim away. They swim with the assistance of their flagella, each attached to a rotary motor that is embedded in the cell wall (35) . Restraining the flagella so that they cannot turn causes the cell body to turn.
We infer from acquired video (see Supplementary Movie 1) that the motion of our tethered bacteria is related to the number of chemical tethers. We hypothesize that numerous chemical tethers along the length of bacteria and flagella lock the organism to the substrate, whereas fewer chemical tethers enable limited motion. The reciprocating motion is described as spin. Future work may examine the strength of the tethers with force microscopy or other appropriate techniques to quantitatively determine tether strength and tether multiplicity. We envision our construct to be useful in environmental sensing and remediation, perhaps in conjunction with colorimetric or light-emitting readout.
Acquired video of E. coli tethered to APS-coated substrates confirmed organism viability but did not reveal any evidence of tethered bacteria fission. Fission requires a number of biochemical reactions and events; among them is growth of the prokaryotic cell wall. Prokaryote cell wall structure and surface chemistry are not well understood. While investigation with molecular biology studies of deletion mutants (36, 37) , optical microscopy (38, 39) , and cryo-electron microscopy (40-42) studies provide information, all these techniques have shortcomings. Sample preparation harms the specimen (temperature, necessity of vacuum, etc.), and the sample is distorted. In contrast, AFM allows examination of live structures to gain structural information, for both structure-function relationships and microbial forensics.
Previously, gelatin (22, 23) has been used to limit prokaryote motion. While trapping bacteria in gelatin has proven easy and effective, the bacteria typically sink down into the gelatin, leaving only part of their cell walls available for investigation. Furthermore, embedding in gelatin precludes further manipulation or chemical study.
Our novel methods facilitate AFM subsequent to optical microscopy, in order to image prokaryotic cells with nanometer resolution in liquid in tapping mode without the use of gelatin. In tapping mode AFM (TM-AFM), the cantilever oscillates at its resonance frequency, such that the tip moves in and out of contact with the sample as the piezoelectric scanner moves the sample in the X and Y directions. TM-AFM is useful for imaging soft and/or delicate biological materials, while retaining fine structure. Our robust tethering techniques prevented the cells In many bacteria, in the outermost component of the cell envelope, biological material comprises a two-dimensional crystalline array known as a surface layer, or S-layer. S-layers are composed of identical protein or glycoprotein subunits, which are linked non-covalently to each other and to the underlying cell envelope. The regular, high-density arrangement of functional groups, combined with the ability to self-assemble in suspension and recrystallize on a solid support, makes S-layers (such as those visualized in Figure  4A ) prime candidates for biotechnological manipulation.
The capacity to view S-layers on motile bacteria via high-resolution AFM may also provide an approach by which to study the mechanisms behind bacterial capsule loss, a phenomenon whereby a cell coat changes from smooth to rough on specific bacteria, typically accompanied by a decrease in cell virulence. We also envision a drug discovery platform that examines real-time changes to the cell coat upon chemical additions to the media in a fluid cell AFM environment. Possible enhancements to the technique may lead to microbial tethering for cellcycle studies relevant to medical and hostpathogen studies.
While we concentrated on APS-coated substrates for bacterial tethering in AFM and all other experiments, we plated activated bacteria on silicon, IPN-coated silicon, and APS-coated silicon substrates for 30 min-1 h. After 1 h of plating E. coli on clean silicon and IPN-coated silicon, only a few aberrant bacteria attached to substrates. In contrast, relatively dense bacterial adhesion was seen on APS surfaces. These varying surfaces therefore provided our positive and negative controls.
Clean silicon substrates exposed to bacteria for ~2 h showed increased non-specific binding. Cao et al. (43) reported that native properties of the individual strain of bacteria and the specific functional structure of surfaces determine the strength of force interactions, and the extent of adhesion. This is consistent with our findings, so we did not conduct a more in-depth study on the kinetics of nonspecific binding on our three surfaces. While it may be relevant for E. coli, it would not be relevant for B. atropheus, or other species.
We used APS chemistry to accomplish tethering because it is commonly used to introduce terminal amine groups to oxide surfaces. However, Wang et al.
(44) reported compromised stability of APS self-assembled layers when exposed to saline solution at body temperature for 10 days. While we only maintained tethered bacterial surfaces in solution at room temperature for a few hours at a time, we acknowledge longer-range goals of (i) substrate or device storage and (ii) biofuel cell use, both of which may be problematic based on such findings. We therefore point out that glycidyl-terminated silanes (44) may prove to be of greater utility for applications requiring long-term stability.
As an addendum to this work, we envision tethering dense fields of bacteria around small regions in which minute drug volumes could be specifically placed, in a manner that allows tracking and data acquisition in the absence of a technician. In many cases, the same substrate, as indicated in these experiments, could be used with various techniques of interest, corroborating and enriching the data pool. Information could be collected on oxidative stress state, vegetative versus spore state, as well as what compounds affect peptidoglycan assembly, crystallinity, etc.
Another possible extension of our platform includes its use as an alternative energy fuel-cell platform. Alternative energy investigations based on microbial fuel cells began in 1962 (8, (45) (46) (47) (48) (49) (50) . Bacteria are typically placed in chambers, on a membrane, or in a gel (51) in close contact with electrode pads, as electron transfer through biofilms to electrodes must take place. Microbial fuel cells to date have achieved only limited efficiency because of the low output that is observed. One study, aimed at denitrification, linked bacteria to electroconductive polymers via avidin-biotin bonds, but the avidin was purported to reduce bacterial activity (17) . We envision that slight modifications to our covalent tethering system-such as tethering via conjugated carbon chains-could be used to position cells at specific distances from an anode. Controlled bacterial charge transport through conductive tethers and neighboring bacterial pili, through which current can travel as a "nanowire" (52) , should increase electron conversion, thereby increasing system efficiency.
Conclusion
We developed robust and reproducible methods for attaching live bacterial cells to surfaces suitable for optical and atomic force microscopy imaging under native conditions, and for chemical analysis techniques with or without high vacuum. Our protocols are compatible with a variety of substrates and biomolecules, and we believe these techniques will impact forensic, drug discovery and biofuel cell technologies.
